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We have used the GAL4-UAS expression system to increase the level of expression of the Drosophila gene decapentaplegic
(dpp) in a pattern approximating its normal pattern in leg and wing imaginal discs. Intermediate increases of dpp expression
have little effect in wing discs but high levels of dpp overexpression lead to reduction of the scutellum and duplication
of posterior wing structures. In leg discs intermediate increases cause supernumerary outgrowths of ventral leg structures
in the anterior±ventral region. Greater increases of dpp expression cause the loss of ventral leg structures with the
concomitant fusion of left and right dorsal forelegs. The defects observed in both legs and wings appear to arise through
dose-dependent effects of dpp on wingless (wg) expression. A high level of dpp overexpression in the wing disc causes
reduction of wg expression in the presumptive scutellar region, consistent with the subsequent reduction of the scutellum.
An intermediate increase of dpp expression in leg discs induces the expansion of wg expression into the ventral outgrowths.
At higher dpp expression levels, ventral wg expression in leg discs is eliminated, consistent with the loss of ventral leg
cuticle. In the leg disc end knob and in the wing margin primordium, where wg and dpp cooperate in producing distal
outgrowth, dpp overexpression has no detectable effect either on patterning or on wg expression. We propose that a critical
role for dpp in other regions of the leg and wing discs is to reduce or block the expression of wg. This role of dpp is
supported by the observation that ectopic wg expression is detected in imaginal discs where dpp signaling is compromised
by lowering the activity of one of its receptors, tkv. This antagonism between dpp and wg expression may be critical to
assigning only one disc region as the distal organizer. q 1996 Academic Press, Inc.
INTRODUCTION structures on the adult cuticle are established during the
growth of the imaginal discs in the larvae (reviewed in Bry-
ant, 1978; Cohen, 1993). Current views of the molecularThe 19 imaginal discs of Drosophila are established dur-
mechanisms responsible for pattern formation in the Dro-ing embryogenesis as polyclones of diploid epithelial cells.
sophila imaginal discs have been reviewed recently (Blair,These cells proliferate during the larval stages to form single
1995; Held, 1995; Campbell and Tomlinson, 1995), and itcell layer sheets. At metamorphosis, each disc differentiates
is clear that decapentaplegic (dpp), a gene encoding a TGF-to produce a speci®c part of the adult cuticle (e.g., a wing,
b-related protein (Padgett et al., 1987), plays a key role ina leg, or an eye). Studies using surgical manipulation of
imaginal disc patterning.imaginal discs have shown that speci®c parts of an adult
Early studies of dpp led to the hypothesis that dpp isappendage are derived from localized regions within the
required for proper pattern formation along the proximal±corresponding imaginal disc, indicating that the patterns of
distal axes of the adult appendages (reviewed in Gelbart,
1989). dpp is expressed in a stripe along the presumptive
proximal±distal axes of the wing, leg, and eye-antenna1 These authors contributed equally to this work and are co-®rst
imaginal discs (Masucci et al., 1990), and mutations in theauthors.
dpp disc regulatory region cause loss of distal appendage2 To whom correspondence should be addressed. Fax: (608) 262-
2824. structures (Spencer et al., 1982; St. Johnston et al., 1990).
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dpp expression is localized to anterior disc cells that border expressing dpp in a pattern approximating its proper spatial
pattern in leg and wing imaginal discs using the GAL4-UASthe anterior±posterior (A/P) compartment boundary (Raf-
tery et al., 1991) and is required in this band of cells for system (Brand and Perrimon, 1993) and the consequences
of reducing dpp signaling by lowering the activity of a dppproper patterning of the entire wing and notum (Posakony
et al., 1991). receptor, thick veins (tkv) (Affolter et al., 1994; Brummel
et al., 1994; Nellen et al., 1994; Penton et al., 1994; TerracolThe importance of dpp in both wing and leg disc pat-
terning has been further established by studies in which and Lengyel, 1994). In leg discs, dpp overexpression gener-
ates dose-dependent defects that include anterior-ventralectopic expression of dpp in discs has led to duplications
and outgrowths of disc-derived cuticular structures (re- leg bifurcations and fused forelegs with loss of ventral cutic-
ular structures whereas reducing dpp expression causes du-viewed by Campbell and Tomlinson, 1995). In several stud-
ies, ectopic dpp has been generated indirectly by ectopically plication of ventral structures and loss of dorsal and distal
structures. In wing discs, dpp overexpression causes limitedexpression hedgehog (hh) (Basler and Struhl, 1994; Tabata
and Kornberg, 1994; Ingham and Fietz, 1995) or by making defects including reduction of the scutellum and posterior
wing duplications. These cuticle defects correlate withclones of cells mutant for patched (Capdevila et al., 1994)
or protein kinase A (Lepage et al., 1995). Ectopic expression dose-dependent effects of dpp on wg expression in the imag-
inal discs. We propose that in the leg disc, and perhaps inof dpp has been generated directly using the GAL4-UAS
system (Capdevila and Guerrero, 1994; Ingham and Fietz, certain regions of the wing disc, one function of dpp is to
prevent improper expression of wg, thereby limiting the1995) or the ¯p-out method to generate somatic cell clones
(Diaz-Benjumea et al., 1994; Zecca et al., 1995). In all of regions at which dpp and wg synergize to promote distal
outgrowth.these studies, ectopic dpp spanning the wing margin results
in duplications of anterior or posterior wing blade tissue.
Ectopic expression of dpp that does not span the margin
results in local disc overgrowth and venation defects (Cap- MATERIALS AND METHODS
devila and Guerrero, 1994). In the leg disc, ectopic dpp
causes ventral duplications (Diaz-Benjumea et al., 1994). Drosophila Strains
These studies revealed that, in both wing discs and leg discs,
ectopic dpp has ``organizing'' activity only in speci®c re- Flies were grown on standard media at 257C unless otherwise
indicated. Descriptions of balancer chromosomes and markers cangions of the discs, suggesting that dpp may exert its in¯u-
be found in Lindsley and Zimm (1992) and in Flybase. Canton Sence by interacting with another spatially localized signal.
¯ies were used as a wild-type control. Lines expressing lacZ underEvidence for interactions between dpp and another signal-
the control of gene-speci®c promoters and enhancer-trap insertionsing molecule in distal outgrowth came from experiments
were obtained: UAS-lacZ (Brand and Perrimon, 1993), wg-lacZin which wingless (wg), a Drosophila member of the Wnt
(Kassis et al., 1992), and dpp-lacZ BS3.0 (Blackman et al., 1991).
family (Nusse and Varmus, 1992), was ectopically expressed
in imaginal discs (Struhl and Basler, 1993; Campbell et al.,
1993). wg is expressed in the anterior±ventral region of leg Construction of Transgenes and Germline
discs and is both necessary and suf®cient to produce ventral Transformation
leg structures (Baker, 1988; Struhl and Basler, 1993). When
The P[w/;blk-GAL4] constructs contain the 106±110 BamHI blkthe ¯p-out technique is used to generate clones of cells
enhancer fragment (Masucci et al., 1990) cloned into pGawB (Brandectopically expressing wg, both the ectopic expression of
and Perrimon, 1993) with EcoRI linkers. The P[w/;UAS-dpp] con-distal marker genes and the supernumerary bifurcations
structs are described in Staehling-Hampton et al. (1994).arise in the dorsal region of the disc (Struhl and Basler, 1993;
The P[w/;tkv] construct is a genomic cosmid clone containingCampbell et al., 1993; Diaz-Benjumea et al., 1994). Ectopic
the entire genomic region of Brk25D1 which encodes a dpp recep-
expression of hh in the leg disc induces ectopic expression tor, tkv (Penton et al., 1994).
of both wg and dpp, generating a new intersection of wg Transgenic ¯ies were generated as in Spradling (1986) except that
and dpp expression that correlates with the site of supernu- the w; D2-3 strain was used as a source of transposase (Robertson
merary bifurcations (Basler and Struhl, 1994). The require- et al., 1988). Multiple single-insertion lines were generated for each
ment of both dpp and wg to generate distal outgrowth is construct. Fly stocks were established over the appropriate balancer
chromosomes or maintained as homozygotes.also consistent with the generation of supernumerary limbs
in classic grafting experiments using the cockroach (re-
viewed by Campbell and Tomlinson, 1995). Ectopic expres-
GAL4/UAS Crossession of wg in leg discs has also been generated using the
UAS-GAL4 method and these studies led to the proposal
The following crosses were done at multiple temperatures (18,
that, in addition to promoting ventral-lateral cell fate and 22, 25, and 297C):
distal outgrowth, wg has another function in the leg disc, blk-GAL4 4A.3 (strong)/TM6B males 1 UAS-dpp 42B.4 (strong)
inhibition of dorsal cell fate (Wilder and Perrimon, 1995). females (combination of transgenes providing highest level of ex-
As a complement to the ectopic expression of dpp in pression);
blk-GAL4 40C.6 (intermediate)/TM6B males 1 UAS-dpp 42C.1imaginal discs, we have examined the consequences of over-
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(intermediate) females (combination of transgenes providing inter-
mediate level of expression);
blk-GAL4 4A.3/TM6B males 1 blk-GAL4 4A.3/TM6B females
(control);
blk-GAL4 40C.6/TM6B males1 blk-GAL4 40C.6/TM6B females
(control);
blk-GAL4 40C.6/TM6B males 1 UAS-lacZ females (18 and
257C).
Larvae from the above crosses were raised in uncrowded condi-
tions at a constant temperature throughout development. Eclosed
and pharate (uneclosed but differentiated) adults were collected
from the above crosses and stored in 70% ethanol. Male forelegs
and wing/thorax cuticle were prepared and analyzed as described
in Maves and Schubiger (1995). Male pharate adults were distin-
guished from females by their genitalia (because sex combs were
not always present in males).
P[w/; tkv] Cross
tkv7 wg-lacZ/In(2LR) Gla, Bc; P[w/;tkv] 1A-8/TM2 females were
crossed to Df(2L) tkv2/In(2LR) Gla, Bc; P[w/;tkv] 1A-8/TM2 males
at 257C. Adult legs were mounted according to published methods
(Lawrence et al., 1986).
Imaginal Disc Staining
For non¯uorescence antibody labeling, imaginal discs from late
third-instar larvae were dissected in PBS. They were ®xed in 4%
formaldehyde in PEM buffer [0.1 M Pipes (pH 7.0), 2 mM MgSO4 ,
1 mM EGTA] for 20 min, rinsed in PBS, and then transferred to
PBT (0.1% Triton X-100 and PBS). After washing 5 1 10 min in
PBT, the discs were then blocked for 30 min in PBT with 5% goat
serum (GS) and incubated overnight at 47C in PBT / 5% GS with
primary antisera. Primary antibodies used were mouse monoclonal
antibody mAb4D9 for engrailed protein (Patel et al., 1989) at 1:250,
rabbit a-b-galactosidase (Cappel) at 1:200, rat a-aristaless (Camp-
bell et al., 1993) at 1:2500, or rat a-dpp (Panganiban et al., 1990)
at 1:100 or 1:2500. After 5 1 10-min washes in PBT, discs were
FIG. 1. blk-GAL4-driven expression of UAS-lacZ and UAS-dpp is
temperature sensitive in leg and wing discs. (A±D) blk-GAL4
40C.6/UAS-lacZ discs were examined for b-galactosidase expres-
sion using anti-b-gal antibodies. (E, F) Wild-type control discs were
examined for dpp expression using anti-dpp antibodies. (G±J) blk-
GAL4 40C.6/UAS-dpp discs were examined for dpp expression us-
ing anti-dpp antibodies. (A) blk-GAL4/UAS-lacZ expression in a
foreleg disc that developed at 187C. (B) blk-GAL4/UAS-lacZ expres-
sion in a wing disc that developed at 187C. (C) blk-GAL4/UAS-
lacZ expression in a foreleg disc that developed at 257C. (D) blk-
GAL4/UAS-lacZ expression in a wing disc that developed at 257C.
(E) dpp expression in a control foreleg disc that developed at 257C.
dpp expression is stronger on the dorsal side of the disc (Masucci
et al., 1990). (F) dpp expression in a control wing disc that developed
at 257C. (G) blk-GAL4/UAS-dpp expression in a foreleg disc that
developed at 187C. (H) blk-GAL4/UAS-dpp expression in a wing
disc that developed at 187C. (I) blk-GAL4/UAS-dpp expression in
a foreleg disc that developed at 257C. (J) blk-GAL4/UAS-dpp expres-
sion in a wing disc that developed at 257C. All discs are shown
dorsal side up, anterior to the left.
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incubated with a horseradish peroxidase-conjugated secondary an- expression pattern in imaginal discs. To circumvent the
tibody (Jackson) at 1:200 for 1.5 hr and then washed 5 1 10 min in problem of potential lethality associated with overex-
PBT. Following the staining reaction with diaminobenzidine, discs pression of dpp, we have used the GAL4-UAS system (Brand
were washed in PBT and mounted in 80% glycerol. and Perrimon, 1993). The 3* dpp disc enhancer blk (Masucci
For ¯uorescence antibody labeling, imaginal discs were ®xed in et al., 1990) was cloned into the GAL4 plasmid and
2% formaldehyde in Pipes buffer [0.1 M Pipes (pH 6.9), 2 mM
transgenic lines were established. To determine the spatialMgSO4, 1 mM EGTA, 1% NP-40] for 20 min, washed in PBS with expression of blk-GAL4, transgenic ¯ies were mated to ¯ies0.3% Triton X-100 (PT) and 1 mg/ml BSA, and blocked in PT with
carrying a UAS-lacZ transgene to generate progeny carrying5 mg/ml BSA (PTB) for 1 hr. A mouse monoclonal antibody,
both transgenes. The blk-GAL4 line drives lacZ expressionmAb4F11 for engrailed protein (1:25 dilution, Patel et al., 1989),
in a stripe, similar to the endogenous dpp mRNA expressionand rabbit anti-bGal (1:800 dilution, Rockland) for wg-lacZ were
used in PBT overnight at 47C. Secondary antibodies used were FITC pattern (Masucci et al., 1990), along the A/P compartment
conjugated a-mouse IgG and rhodamine conjugated a-rabbit IgG boundary of both leg and wing discs (Figs. 1A±1D). We
(both at 1:200 dilution, Jackson ImmunoResearch). The stained noted two differences between the lacZ expression and the
discs were mounted in 30% glycerol with 5 mM Tris (pH 8.8) and endogenous dpp mRNA expression. The blk-GAL4 driven
150 mM NaCl. expression of b-galactosidase in the leg disk (Figs. 1A and
For detection of b-galactosidase using X-gal, imaginal discs were 1C) is relatively uniform in both the dorsal and ventral
dissected in PBS and ®xed with 0.5% glutaraldehyde in cacodylate
halves of the leg disc, whereas the endogenous expressionbuffer (pH 7.2) for 15 min at room temperature. After two additional
of dpp mRNA in the leg disc is higher in the dorsal half ofwashes in PBS containing 0.3% Triton X-100, discs were then
the leg disc (Masucci et al., 1990). Second, in the wing diskstained in a solution of 10 mM Na2HPO4/NaH2PO4 (pH 7.2), 150
the expression of b-galactosidase broadens, especially in themM NaCl, 1 mM MgCl2, 3 mM K4[FeII(CN)6], 3 mM K3[FeIII(CN)6],
dorsal, posterior region that will give rise to the posterior0.3% Triton X-100, 0.2% X-gal. After overnight incubation at 377C,
discs were washed in PBS, 0.1% Triton X-100 and mounted in 80% notum (Fig. 1D).
glycerol. Previous experiments have demonstrated the inherent
temperature sensitivity of the GAL4-UAS system in Dro-
sophila. For example, there is an approximately fourfold
increase in the level of b-galactosidase expressed fromRESULTS
GAL4-driven UAS-lacZ transgenes in Drosophila embryos
raised at 257C versus 187C (Staehling-Hampton, 1995). Toblk-GAL4 Drives Expression in Imaginal Discs
determine whether the blk-GAL4 transgenes also have tem-
In order to address whether or not dpp can have dose- perature-sensitive activity in imaginal discs, we examined
dependent effects on leg and wing development, we wanted blk-GAL4-driven UAS-lacZ expression in discs from larvae
raised at different temperatures. Leg discs from larvae raisedto drive increasing levels of expression of dpp in its normal
FIG. 2. Overexpression of dpp induces foreleg bifurcations and foreleg fusions in a dose-dependent manner. At 187C, male forelegs from
the blk-GAL4 40C.6/UAS-dpp 42C.1 combination have a wild-type appearance (A). Co indicates the proximal coxa segment. The arrowhead
points to the dorsal preapical bristle of the tibia. The arrow points to the ventral sex comb of the ®rst tarsal segment. (B) Male forelegs
from the stronger combination blk-GAL4 4A.3/UAS-dpp 42B.4 (187C cross) can have supernumerary bifurcations that emerge from the
anterior-ventral side of the leg and consist of anterior-ventral leg structures. Notice the ring of sex comb bristles (anterior-ventral structures)
that surrounds the circumference at the distal end of the bifurcation (arrow). (C) At 227C, male forelegs from the blk-GAL4 40C.6/UASdpp
42C.1 combination can have fused proximal segments as well as distal bifurcations. The pair shown in (C) is fused at the coxa (Co) and
trochanter and the two endogenous legs bifurcate at the femur. The left leg [on the right side in (C)] has a bifurcation emerging from its
anterior-ventral side. This bifurcation consists of mirror-image ventral structures, like the sex combs (arrow). The distal claws, however,
are considered dorsal (Schubiger, 1968; Held et al., 1994). (D) At 257C, male forelegs from the blk-GAL4 40C.6/UAS dpp 42C.1 combination
can be fused along the entire proximal±distal axis. These fused forelegs lose ventral (medial) leg structures (note the reduced sex combs)
yet retain dorsal leg structures, making the fusion a symmetrical mirror image (arrowheads point to the dorsal preapical bristles of the
fused tibias). (E) The strong combination blk-GAL4 4A.3/UAS-dpp 42B.4 can have even more extensive ventral loss (227C cross). This
pair of fused male forelegs completely lacks any sex comb bristles yet still has two symmetrical preapical bristles (arrowheads). All legs
are shown at the same magni®cation.
FIG. 3. Leg bifurcations and loss of leg structures caused by overexpression of dpp map to the ventral leg region. (A) The sites where
foreleg outgrowths bifurcate from the endogenous legs are plotted on a fate map for the larval third-instar male foreleg disc (Schubiger,
1968). Presumptive segments of the leg are represented as concentric circles (Co, coxa; Tr, trochanter; Fe, femur; Ti, tibia; 1Ta, ®rst tarsal
segment; 2±5Ta, distal tarsi). sc and pa label the fate map positions of the sex comb and preapical bristle, respectively. Each dot represents
one bifurcation. Forty-three bifurcations were observed in 39 forelegs from the blk-GAL4 40C.6/UAS-dpp 42C.1 cross (257C). The bifurca-
tions arise exclusively from the anterior-ventral quadrant of the leg. The dotted line marks the position of the A/P boundary (Steiner,
1976). (B) Proximal-ventral foreleg structures are lost (hatching) in forelegs that are fused in proximal segments. Data for (B) are taken
from the fused pair of forelegs shown in Fig. 2C. (C) Ventral structures are lost (hatching) along the entire proximal±distal axis in forelegs
that are fused along the entire proximal±distal axis. Data for (C) are taken from the fused pair of forelegs shown in Fig. 2E.
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TABLE 1
Frequencies of Foreleg Phenotypes in dpp-Overexpressing Flies
Number of forelegs with
Temperature Number of Proximal Proximal-
Combination raised at forelegs Bifurcations fusions distal fusions
blk-GAL4 40C.6/UAS-dpp 42C.1 187C 63 0 (0%) 0 (0%) 0 (0%)
227C 71 6 (8%) 10 (14%) 0 (0%)
257C 56 39 (70%) 4 (7%) 4 (7%)
297C 24 0 (0%) 0 (0%) 24 (100%)
blk-GAL4 4A.3/UAS-dpp 42B.4 187C 71 25 (35%) 4 (6%) 0 (0%)
227C 88 0 (0%) 6 (7%) 82 (93%)
257C 44 0 (0%) 0 (0%) 44 (100%)
297Ca Ð Ð Ð Ð
Note. Proximal fusions include foreleg pairs that are fused no further distally than the femur. Proximal±distal fusions include foreleg
pairs that are fused down through the tibia or even more distally. Some forelegs that are fused at the proximal end also have distal
bifurcations. These legs are counted in the proximal fusions category only and are not also included in the bifurcations category.
a No differentiated animals were recovered from this cross at 297C.
at 257C show stronger b-galactosidase expression than leg in Fig. 1I is a result of the extra dpp expression. Thus, the
blk-GAL4 transgene can drive gene expression in the properdiscs from larvae raised at 187C (compare Fig. 1A with Fig.
1C). A similar effect of increased temperature on expression dpp disc expression pattern at levels that increase with in-
creasing temperature. Although it has not been feasible tolevel is also observed in wing discs (compare Fig. 1B with
Fig. 1D). quantitate how much higher the UAS-dpp expression is rel-
ative to wild-type levels, the protein produced by the UAS-To determine whether the blk-GAL4 transgene can also
drive dpp expression at higher levels in its proper spatial dpp is reproducibly much easier to detect by immunohisto-
chemical methods than the endogenous dpp protein.pattern, we crossed blk-GAL4 ¯ies with ¯ies carrying a
UAS-dpp transgene and examined dpp expression in discs
from larvae raised at different temperatures. Both leg and
Overexpression of dpp Has Dose-Dependent Effectswing discs from blk-GAL4/UAS-dpp larvae raised at 187C on Leg Patterningshow slightly higher levels of dpp expression, in the proper
spatial pattern, than wild-type controls (Figs. 1E±1H). Discs To investigate the effects of increased levels of dpp ex-
pression on leg patterning, we used the blk-GAL4 transgenefrom blk-GAL4/UAS-dpp larvae raised at 257C have even
higher levels of dpp expression (Figs. 1I and 1J). As will be to drive dpp expression from a UAS-dpp transgene. To help
clarify the relationship between the level of dpp expressiondescribed in detail below, the aberrant shape of the leg disk
TABLE 2
Frequencies of Wing Phenotypes in dpp-Overexpressing Flies
Number of wings with
Scutellum
defects and
Temperature Number of Thickened cross Scutellum posterior
Combination raised at wings vein defects duplications
blk-GAL4 40C.6/UAS-dpp 42C.1 187C 60 (60 Eclosed) 0 (0%) 0 (0%) 0 (0%)
227C 84 (64 Eclosed) 58 (91% Eclosed) 0 (0%) 0 (0%)
257C 92 (58 Eclosed) 58 (100% Eclosed) 6 (7%) 0 (0%)
blk-GAL4 4A.3/UAS-dpp 42B.4 187C 88 (68 Eclosed) 29 (43% Eclosed) 0 (0%) 0 (0%)
227C 62 (0 Eclosed) n.d. 28 (45%) 2 (3%)
257C 48 (0 Eclosed) n.d. 14 (29%) 33 (69%)
Note. Both eclosed and pharate adult ¯ies (if present) were scored for each cross. Vein phenotypes could not be scored in the wrinkled
wings from pharate adults, thus frequencies of vein phenotypes are reported for wings from eclosed ¯ies or were not determined (n.d.).
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and the leg phenotype produced, we used two different com-
binations of blk-GAL4/UAS-dpp transgenic lines (see Mate-
rials and Methods) and examined forelegs from ¯ies that
were raised at four different temperatures. The results are
presented in Table 1 and illustrated in Figs. 2 and 3. An
intermediate increase in dpp expression causes supernu-
merary leg bifurcations to arise exclusively from the ante-
rior-ventral region of the leg (Figs. 2B and 3A). These bifurca-
tions consist entirely of anterior-ventral leg structures. For
example, the bifurcation shown in Fig. 2B has anterior-ven-
tral transverse row bristles around the circumference of the
extra tibia, and the distal end of the bifurcation has a ring
of anterior-ventral sex comb bristles. These bifurcations are
not distally complete; the bifurcation shown in Fig. 2B lacks
distal tarsal segments and claws. Some pairs of forelegs from
¯ies that developed at temperatures that caused bifurca-
tions are fused at proximal segments (Fig. 2C). Foreleg fu-
sion occurs along the anterior-ventral (i.e., medial) sides of
both legs of a pair, and fused forelegs have bilateral loss of
ventral leg structures in the fused segments (Fig. 3B). Fore-
legs that are fused at proximal segments can also have ante-
rior-ventral bifurcations from distal segments (Fig. 2C). Bi-
furcations from fused forelegs can have posterior-ventral as
well as anterior-ventral structures and are usually distally
complete with claws (Fig. 2C). With increasing tempera-
tures (i.e., with higher levels of dpp overexpression), foreleg
pairs become fused along the entire proximal±distal axis
(Figs. 2D, 2E, and 3C). These fused foreleg pairs have bilat-
eral loss of ventral leg structures, e.g., sex combs, yet retain
dorsal leg structures, e.g., claws, creating a mirror-image
fusion of dorsal structures. Thus, dpp overexpression ap-
pears to have dose-dependent effects on leg development:
intermediate increases induce ventral leg bifurcations while
greater increases cause loss of ventral leg structures. dpp
overexpression does not appear to affect the development
of the dorsal side of the leg.
The foreleg discs are connected during development but
the second and third leg discs pairs are not connected. In
the second and third legs from the blk-GAL4/UAS-dpp
crosses at 257C, we observed a lower frequency of ventral
bifurcations that are not as complete (data not shown). The
more affected legs lose ventral leg structures, but instead
of fusing together, they appear to have a simultaneous dupli-
cation of dorsal structures. These results are consistent with
the dose-dependent effects observed in the forelegs.
Altered Patterns of Gene Expression in dpp-
Overexpressing Leg Discs Correlate with the
Temperature-Sensitive Defects in Leg Patterning FIG. 4. Changes in gene expression patterns observed in leg imagi-
nal discs overexpressing dpp. Expression patterns are shown forTo elucidate the mechanisms through which overex-
dpp protein (A, F), dpp-lacZ (B, G), engrailed (C, H, K), wingless-pression of dpp causes leg bifurcations and foreleg fusions,
lacZ (D, I, L), and aristaless protein (E, J). The genotypes of the leg
we examined the expression patterns of several genes in- discs are: wildtype (A±E), blk-GAL4 40C.6/UAS-dpp 42C.1 leg
volved in leg disc development. In wild-type leg discs, dpp discs at 257C (intermediate expression level) (F±J), and GAL4 4A.3/
protein expression is stronger on the dorsal side than on the UAS-dpp 42B.4 leg discs at 257C (strong expression level) (K, L).
ventral side (Fig. 4A), similar to the pattern of dpp mRNA For all discs, anterior is to the left and dorsal is up. Arrows indicate
the regions of altered pattern of gene expression.(Masucci et al., 1990). In blk-GAL4/UAS-dpp leg discs, ec-
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topic dpp protein expression is also observed at the anterior in dpp expression has little effect on wing and thorax pat-
terning, except for a thickening of the anterior cross veinedge of the disc (Fig. 4F). dpp expression is also observed in
this pattern using the dpp-lacZ BS3.0, a dpp disc enhancer that lies on the A/P boundary of the wing blade (data not
shown). Greater levels of dpp overexpression cause defectsreporter transgene, in the blk-GAL4/UAS-dpp background
(Blackman et al., 1991) (Figs. 4B and 4G). The activation of in the scutellum (Figs. 5 and 6). These defects range from
loss of one or more scutellar bristles (Fig. 5B) to loss of alldpp-lacZ BS3.0 in this ectopic position may indicate posi-
tive autoregulation of the endogenous dpp gene by the dpp scutellar bristles accompanied by a reduction in the size of
the scutellum. At the highest temperature at which differ-produced from the UAS-dpp transgene.
The expression pattern of engrailed is expanded into the entiated animals are recovered, we observe an additional
effect: pharate adults with the most severely reduced scutel-ventral-proximal region of the leg discs from blk-GAL4/
UAS-dpp ¯ies (Fig. 4H) when compared to wild-type discs lums have wing duplications (Fig. 5C). These duplications
arise exclusively from the posterior hinge region of the wing(Fig. 4C). The additional dpp expression (Figs. 4F and 4G)
appears to arise in a region where the A/P compartment and consist of posterior wing hinge and posterior wing blade
structures (Figs. 5D and 6). These posterior wing duplica-boundary (the border of engrailed expression) has migrated
into the dorsal region of the disc (Fig. 4H). The ventral- tions are found only in ¯ies that have a reduced scutellum;
therefore, we interpret the posterior wing duplications asproximal region of the disc is normally a site of wg expres-
sion (Fig. 4D) but wg expression is displaced in the blk- arising in response to the loss of the scutellum. Thus, as
dpp is expressed at higher and higher levels, more and moreGAL4/UAS-dpp discs (Fig. 4I). In discs with the highest
levels of dpp expression, wg expression is retained only in of the scutellum is lost, and the posterior wing primordia
that develop adjacent to the scutellum are partially dupli-the end knob (the center of the disc) and the primordium
of the distal tip of the leg (Fig. 4L), and engrailed expression cated.
expands throughout the anterior-ventral region of the disc
(Fig. 4K).
Altered Patterns of Gene Expression in dpp-An interaction between dpp and wg is thought to specify
Overexpressing Wing Discs Correlate with thethe proximal±distal axis of the leg (Campbell et al., 1993;
Temperature-Sensitive Defects in Wing PatterningCampbell and Tomlinson, 1995). aristaless (al) is normally
expressed in the presumptive dorsolateral coxa, body wall We examined dpp, wg-lacZ, and en expression in the blk-
and distal end of the leg (Fig. 4E). In blk-GAL4/UAS-dpp GAL4/UASdpp wing disc. High levels of dpp cause the loss
leg discs, ectopic expression of al is also detected in the of wg expression in the presumptive notum and tegula (Figs.
anterior-ventral region (Fig. 4J), the site of the ectopic dpp 7B and 7E) but endogenous dpp and en expression were not
and wg expression (Figs. 4F and 4I) and the site at which changed (Figs. 7D and 7F). Thus, increased dpp expression
leg bifurcations arise. in the normal pattern does not affect the position of the A/
P boundary in the wing disc. Loss of wg expression in the
notum correlated with the absence of bristles and cuticle
Overexpression of dpp Has Dose-Dependent Effects from the scutellum (Fig. 5B). A similar effect was reported
on Wing Patterning after reduction of wg expression using a wgts mutant allele
(Phillips and Whittle, 1993).To investigate the effects of increased levels of dpp ex-
pression on wing patterning, we used two different combi-
nations of blk-GAL4/UAS-dpp transgenic lines (see Materi- Lowering the Dose of tkv, a dpp Receptor, Affects
als and Methods) and examined wing disc derivatives (wing Leg and Wing Patterning
blade and mesothorax) from ¯ies that were raised at four
different temperatures. The results are presented in Table To determine if the patterning defects and the changes
in gene expression associated with overexpression of dpp2 and illustrated in Figs. 5 and 6. An intermediate increase
FIG. 5. Overexpression of dpp causes loss of scutellum structures and wing duplications in a dose-dependent manner. (A) Wild-type
mesothorax showing the triangular scutellum (scu), with its four bristles (arrowheads), and the alar lobe (al, arrow) of the posterior wing.
(B) Mesothorax from a pharate adult (with wrinkled wings) from blk-GAL4 4A.3/UAS-dpp 42B.4 cross at 227C. The scutellum is reduced
in size and only one scutellar bristle is present (arrowhead). (C) Mesothorax from pharate adult from blk-GAL4 4A.3/UAS-dpp 42B.4 cross
at 257C. The scutellum is very reduced in size, all scutellar bristles are absent, and there are posterior duplications (arrows) of both wings.
(D) Magni®cation of a wing duplication from (C). Right arrow points to endogenous alar lobe; left arrow points to duplicated alar lobe.
The wing duplication also has an arc of posterior row hairs (arrowhead).
FIG. 6. Regions of the wing affected by dpp overexpression map along the posterior side of the wing. Derivatives of the wing disc that
are lost (red hatching) and duplicated (blue hatching) in dpp-overexpressing ¯ies are positioned on a fate map of the wing disc (Bryant,
1975). The A/P boundary (dotted line) is drawn according to Brower et al. (1981). DW and VW label the presumptive dorsal and ventral
wing, respectively. WM labels the presumptive wing margin. scu, scutellum; ac, axillary cord; al, alar lobe; pr, posterior row.
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are affected in an opposite fashion in a background where gion of the disc cooperate with wg in this region to produce
ectopic anterior-ventral outgrowths. The presence of wg ex-dpp signaling is compromised, we examined the effects on
disc development of lowering the dose of tkv, a dpp recep- pression in the outgrowths correlates with the presence of
ventral leg structures in the differentiated bifurcations.tor. P[w/;tkv]1A-8 is a tkv transgene with suboptimal levels
of expression suf®cient to rescue the lethality of tkv7/ However, with the additional increases in the level of dpp
expression generated by raising the ¯ies at higher tempera-Df(2L)tkv 2 through embryonic and larval development, but
the rescued adults display defects in leg and wing patterning tures, blk-GAL4/UAS-dpp leg discs have strongly reduced
wg expression in the ventral-anterior region, correlating(Fig. 8). In the leg, the reduced level of tkv activity provided
by the transgene results in duplication of ventral structures with the loss of ventral leg structures observed in the corre-
sponding differentiated fused forelegs. Consistent with thisand loss of dorsal and distal structures. For example, distal
structures such as claws and tarsal segments are usually observation, in leg discs with reduced dpp signaling, ectopic
wg expression was detected. The presence of ectopic wg inmissing and in males, sex combs, which are of ventral ori-
gin, are often duplicated (Fig. 8B). In the wing, the major the dorsal end knob region correlates with the duplication
of ventral structures and the loss of dorsal structures ob-defects observed are a cleft in the notum and a reduction,
and sometimes a complete deletion, of the scutellum served in these animals. These results provide evidence that
dpp can act both synergistically with, and antagonistically(Fig. 8C).
We also examined the expression of wg in the imaginal to, wg in leg disc patterning.
discs of these animals (Fig. 9). When dpp signaling is com- In addition to the reduction in ventral-anterior wg expres-
promised by lowering tkv activity, there is an expansion of sion, the leg discs with increased dpp expression exhibited
wg expression in the leg disc (Fig. 9C). wg is no longer an altered pattern of engrailed expression. Cells expressing
restricted to the anterior-ventral sector, instead, there is engrailed were present across the region that would nor-
strong wg expression in the dorsal end knob region along mally make up the ventral-anterior region of the leg disc.
the A/P boundary and curiously, a lower level of ectopic The mechanism for this pattern change is not known. We
wg expression is also observed in the posterior compartment propose that the increased expression of dpp along the ven-
(Figs. 9C and 9D). In the wing disk, in contrast to the loss tral A/P boundary reduces wg expression and that this desta-
of wg expression in the notum region when dpp is overex- bilizes the A/P boundary. Two mechanisms seem plausible.
pressed, lowering tkv activity causes wg expression in the In one, the destabilized A/P boundary migrates across the
same region to expand (Figs. 9G and 9H). anterior-ventral region of the disc and as the boundary
passes, cells begin to express engrailed. Ectopic hedgehog
overexpression in the anterior compartment can induce en-
grailed expression (GuilleÂn et al., 1995). We postulate thatDISCUSSION
expression of wg in the anterior-ventral compartment nor-
mally prevents cells on the anterior side of the boundaryPrevious studies have focused on the effects of ectopic
from inducing engrailed expression in response to hh fromdpp expression in imaginal discs. The results presented here
the posterior compartment. However, when increased dppaddress the question of whether discs develop normally if
reduces the level of wg expression in the anterior-ventraldpp expression is simply increased in its normal pattern of
compartment, the cells on the anterior side of the boundaryexpression. Our results indicate that overexpression of dpp
might respond to the hh coming from the posterior compart-has little effect on dorsal leg patterning, limited effects on
ment by activating engrailed expression. This in turn wouldwing patterning, but substantial dose-dependent effects on
permit these cells to induce hh expression, which couldanterior-ventral leg patterning. Intermediate levels of dpp
signal engrailed expression to occur in the next most adja-overexpression cause anterior-ventral leg bifurcations, and
cent anterior cells. This would result in a processive move-higher levels of dpp overexpression cause fused forelegs and
ment of the compartment boundary across the anterior-ven-loss of ventral leg structures. In blk-GAL4/UAS-dpp leg
tral region that is normally blocked by wg. This proposeddiscs, wg expression expands into outgrowths from the ante-
migration is reminiscent of the processive migration of therior-ventral region. This observation suggests that interme-
diate increases of dpp expression in the ventral/anterior re- morphogenetic furrow across the eye imaginal disc, a pro-
FIG. 7. Changes in gene expression patterns are observed in dpp-overexpressing wing discs. Expression patterns are shown for dpp (A,
D), wg-lacZ (B, E), and engrailed (C, F). The genotypes of the wing discs are wild type (A±C) and blk-GAL4 4A.3/UAS dpp 42B.4 at 257C
(D±F). For all discs, anterior is to the left and dorsal is up. Changes in the wglacZ expression pattern were detected in the tegula (arrowhead)
and posterior notum (arrow).
FIG. 8. Reduced expression of tkv causes patterning defects in legs and wings. (A) Wild-type male T1 leg. (B) T1 leg from a male of the
genotype w;tkv7/Df(2L)tkv2; P[w/;tkv]1A-8/Tm2, with a duplication of an anterior-ventral structure, the sex comb (arrow), and the loss
of distal structure, the distal tarsal segments, and the claws (arrowhead). (C) Wild-type notum. (D) Notum from an animal of the genotype
w;tkv7/Df(2L)tkv2; P[w/;tkv]1A-8/Tm2, with a complete deletion of the scutellum and a cleft in the notum (arrowhead).
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cess which also is blocked by wg expression (Treisman and with these earlier observations but indicate that, in addi-
tion, higher levels of dpp expression may also exert an an-Rubin, 1995). An alternative model is that the increased
ventral dpp expression causes increased proliferation of tagonistic effect on wg expression. The existence of a dpp-
dependent antagonistic mechanism on wg action may alsocells in the posterior-ventral region of the disc to the extent
that these cells expand into the ventral-anterior portion of explain the inability of ectopic wg in the dorsal leg disc to
generate fully ventral structures. Generation of ventrolat-the disc. However, BrdU incorporation failed to reveal local-
ized increases in DNA synthesis in the ventral leg disc, eral but not ventral structures was achieved with wg-ex-
pressing ¯p-out somatic clones (Struhl and Basler, 1993).even though this method was sensitive enough to detect
localized increases of BrdU incorporation in the wing discs This incomplete speci®cation of ventral cell fate by ectopic
wg was attributed to the low levels of wg expressionas a consequence of ectopic dpp expression (Morimura and
Hoffmann, unpublished observations). achieved in the clones. Similarly, only ventrolateral struc-
tures are produced with the GAL4-UAS driven expressionThe consequences of dpp overexpression in the wing disc
were not as severe as in the leg disc. This is consistent with of wg (Wilder and Perrimon, 1995). We propose that the
higher levels of dpp expression normally present in the dor-the more uniform level of endogenous dpp expression along
the A/P boundary of the wing disc compared to the dorsal± sal half of the leg disc interfere with the effects of the ectopic
wg expression and prevent cell fate changes to the ventral-ventral differences of endogenous dpp expression levels in
the leg disc. The duplications of wing blade structures most cell fates. A key step in wg signal transduction is
inhibition of the zw3 serine/threonine protein kinasecaused by clones of ectopic dpp expression (Zecca et al.,
1995) have led to models in which the level of dpp expres- (Couso et al., 1994). Clones of cells mutant for zw3 in the
dorsal region of the leg disc produce fully ventralized struc-sion or activity dictates pattern with high levels correspond-
ing to wing veins L3 and L4 and low levels corresponding tures (Wilder and Perrimon, 1995) so the proposed interfer-
ence of wg signaling by dorsal dpp must occur upstream ofto wing margin, e.g., wing vein L1. On the basis of such
models, one might predict that increased dpp expression the zw3 product in the wg signaling pathway.
In addition to the results indicating that dpp antagonizesalong the A/P boundary should lead to expansion of the
central regions of the wing blade, e.g., an increased distance wg in leg disc development, there are results suggesting that
wg can antagonize dpp function in certain regions. Usingbetween L3 and L4. We did not observe such an outcome
at the levels produced in our experiments. the GAL4-UAS system, Wilder and Perrimon (1995) exam-
ined the effects of ectopically expressing wg in the leg discs.Several authors have raised the possibility that dpp ex-
pression along the dorsal A/P boundary in the leg disc may Ubiquitously expressed wg reduces the number of dorsal
structures (Wilder and Perrimon, 1995). dpp hypomorphicgenerate mirror-image gradients of dpp activity across the
disc (Held, 1995). Even at the highest levels of dpp expres- mutations also show a reduction in dorsal leg structures
(Held et al., 1994), suggesting that the reduction in dorsalsion generated in our studies, we did not observe graded
expression of dpp protein centered upon regions of blk- cell fates by ectopic wg in the leg disc could occur by wg
antagonizing the normal expression or function of dpp inGAL4 gene expression. However, it is important to realize
that the antibody used here for the immunohistochemical the dorsal disc. wg also interferes with dpp signaling in the
eye disc (Treisman and Rubin, 1995) although in this caselocalization of dpp protein recognizes epitopes in the N-
terminal pro-region of the gene product and does not cross- the mechanism does not involve a reduction in dpp expres-
sion; wg expression may interfere with dpp signal transduc-react with the mature C-terminal portion of the protein
that binds to the receptor (Panganiban et al., 1990). Develop- tion or target gene responses to dpp initiated signal trans-
duction.ment of immunohistochemical reagents for the C-terminal
portion of dpp is required to address the gradient question. We suggest that the lower ventral expression of dpp ob-
served in leg discs may also be a consequence of its proxim-Campbell and Tomlinson (1995) proposed that the inter-
section of dpp and wg expression serves as a ``distal orga- ity to the domain of wg expression, a mechanism also con-
sidered by Held (1995). As pointed out by Campbell andnizer'' for the formation of the legs and wings of the ¯y. This
model is based on many elegant studies in which ectopic Tomlinson (1995), the lower level of dpp expression nor-
mally present in the ventral compartment of the leg discexpression of wg, hh, or dpp generates new distal out-
growths and patterning along the proximal±distal axis of has no effect on the generation of supernumerary legs in-
duced by ectopic wg expression, i.e., supernumerary limbsthe appendage. The studies reported here are consistent
FIG. 9. Changes in wg expression pattern are detected in imaginal discs with reduced tkv expression. Expression patterns are shown for
wg-lacZ (A, C, E, and G). Merged images showing both wg-lacZ and engrailed (B, D, F, and H). The genotypes of the imaginal discs are
wild type (A, B, E, and F) and w;tkv7/Df(2L)tkv2; P[w/;tkv]1A-8/TM2 (C, D, G, and H). In the leg discs, strong ectopic wg-lacZ expression
can be detected in the dorsal end knob region along the A/P boundary (C and D, arrow). A lower level of ectopic wglacZ expression can
also be detected in the posterior region (C and D, arrowhead). In the wing disc, wg-lacZ expression in the notum is expanded into a more
diffuse domain (G and H, arrowhead, also compare with E and F). For all discs, anterior is up and ventral is to the left.
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8241 / 6x0f$$$261 06-20-96 09:41:53 dba AP: Dev Bio
149Dose-Dependent Effects of dpp
are only generated when ectopic wg can cooperate with dpp expression in the regions of the midgut expressing abdomi-
nal A (Staehling-Hampton and Hoffmann, 1994).expressed in the dorsal compartment. Reduction in wg ex-
In conclusion, increased expression of dpp in its normalpression, e.g., by the pupal lethal wgCX3 allele, causes the
pattern of expression has revealed a role for dpp in antago-loss of ventral leg structures and duplication of dorsal struc-
nizing wg expression in the leg disc and in certain regionstures (reviewed by Held, 1995). The duplication of dorsal
of the wing disc. wg may have a complementary role inleg structures could occur if reducing wg leads to an increase
reducing dpp expression. The existence of this pathway byin dpp expression in the ventral sector followed by dpp-
which dpp can downregulate or suppress wg expression hasdependent speci®cation of dorsal cell fate. This response to
been suggested by the consequences of dpp overexpressiona reduction in wg has been observed in the eye disc. The
and it will be important to determine whether it is an im-earliest effect detected of removing wg function in the eye
portant role of dpp at endogenous levels of expression. Ifdisk is increased expression of dpp on the anterior side of
this pathway represents a normal function of dpp in the legthe eye (Ma and Moses, 1995).
disc, we predict that somatic clones in the dorsal leg discHeld (1995) raises the question of why dpp is expressed
mutant for genes mediating dpp responsiveness (e.g., thickat all in the ventral anterior region of the leg disc. He sug-
veins and punt, two dpp receptors) should express ectopicgests that the reduced level of dpp may not be suf®cient to
wg and that this will have detrimental consequences oncooperate with wg to cause distal outgrowths or that dpp
normal leg patterning. The molecular mechanism by whichexpressed in the ventral regions is not translated into active
wing margin or end knob cells are competent to respond toprotein. In our experiments, moderate increases of dpp ex-
both dpp and wg may involve overriding this mechanismpression in this ventral region do in fact cause distal out-
through which dpp turns off wg expression. We proposegrowths and leg duplications, indicating that ventral cells
that part of dpp's and wg's roles in patterning imaginal discare competent to produce active dpp protein. We believe,
derived structures is to prevent improper expression of eachhowever, that the reduced levels of dpp in the ventral region
other so that cooperation between wg and dpp is focusedare below the threshold needed to interact or interfere with
to a single distal organizer per disc.wg, but that these lower levels of dpp may be needed for
dpp functions other than distalization, e.g., ventral dpp may
be needed for cell survival. Higher levels of dpp expression/
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